We have developed a technique of partially-restrained molecular mechanics enthalpy minimisation which enables the sequence-dependence of the DNA binding of a non-intercalating ligand to be studied for arbitrary sequences of considerable length ( > = 60 base-pairs). 
INTRODUCTION
Molecules which bind to the minor groove of DNA are of considerable interest, not least for their potential in the development of drug targeting in antiviral and cancer chemotherapy. The search for structural motifs which will permit the rational construction of molecules having high selectivity for an arbitrary DNA sequence will require a clear understanding of the binding phenomenon at the molecular level. A body of relevant information is accumulating from X-ray, nmr and molecular mechanics studies on a number of minor-groove binders, including netropsin (1) (2) (3) (4) (5) , distamycin (3, 6) , SN6999 (7), SN18071 (1, 3) , Hoechst 33258 (3, (8) (9) (10) , NSC57153 (3), DAPI (11) and berenil (3, (12) (13) (14) . In addition, thermodynamic data have been obtained from calorimetric and spectroscopic studies (15) . In general, however, these studies have focused on a narrow range of DNA sequences of restricted length and/or sequence variation. Footprinting studies, on the other hand, can yield information on the sequence-specificity of binding for an essentially arbitrary DNA sequence of considerable length (16) (17) (18) (19) . However, the amount of information which can be obtained from a given site is lower, though recently it has been extended to the calculation of thermodynamic quantities (20, 21) .
In this paper we present the results of an extended molecular mechanics study on the interaction of berenil (Figure 1 ) with the minor groove of the tyrT promoter DNA sequence. This study aims to bridge the gap between structural methods and footprinting. Berenil was chose for its relatively small size and symmetry, both of which aid the analysis of sequence-dependent variations, and also for the fact that its interactions with DNA have been the subject of several studies (3, 12, 16) . The tyrT promoter of DNA sequence was chosen as it is amenable to footprinting analysis and contains a number of discrete binding sites for berenil together with regions for which this ligand
To whom correspondence should be addressed appears to have no particular affinity (16) . Berenil binding sites on this DNA fragment have previously been assigned by DNAse I footprinting. In order to compare the footprinting data with molecular mechanics calculations we have performed highresolution hydroxyl radical footprinting (22) on the interaction of berenil with tyrT DNA. The importance of DNA flexibility in its interaction with other molecules has become evident from a variety of experimental studies. However, in many such studies flexibility can only be inferred, as only distortion of the DNA from some canonical form (23) is directly measurable. The sequence-dependence of DNA distortion has been the subject of several experimental and theoretical investigations; however, in general, these have focused either on small sequences for which there is detailed structural data (24) (25) (26) (27) or on larger polymers formed from repeated sequences (28) (29) (30) .
There is not necessarily a correlation between distortion and flexibility, as has been shown for DNA bending in AT tracts (29) . Direct measurements of DNA flexibility have been made using triplet anisotropy decay techniques (31) and modelled using molecular dynamics (32) (33) (34) , mechanics (35) and free-energy calculations (36) , the last of which have been able to analyse sequence-dependence at the level of individual base-pairs and base-pair steps. Sequence-dependence in flexibility has also been observed in DNA-protein interactions. For instance, Fourier analysis and footprinting studies of the wrapping of DNA around histones suggest that the DNA bends so that at A/T-containing steps the minor groove is directed towards the protein core while at G/C-containing steps the major groove lies innermost (37) . Similar conclusions have been reached from a study of DNA bending induced by the catabolite activator protein (38) . It was also concluded from this last study that the flexibility of a DNA sequence could be predicted to a good approximation from a knowledge of the flexibility parameters of the constituent dinucleotide steps, in other words, that long-range sequence effects were of minor importance.
As far as the interaction of small molecules with DNA is concerned, it is obvious that DNA flexibility must play a major role in the binding of intercalators, but significant deviations have also been observed between the detailed conformations of DNA sequences in the presence and absence of minor-groove binding molecules (4) (5) (6) (7) (8) (9) (10) (11) 13) . Whilst the requirement for approximate isohelicity remains (39) , it appears that the DNA will distort in order to maximise favourable bonding interactions between the inner surface of the minor groove and the ligand.
We present the results of an analysis of the data collected in the molecular mechanics investigation in terms of the variations found in DNA helical parameters, as well as in energetic terms.
We have analysed the sequence-dependence of the variation in helical parameters for the energy-minimised DNA alone. We have also analysed the changes in various helical parameters that are induced around the binding site in the presence of a bound berenil ligand. As already noted, the results obtained from such a study do not permit the direct determination of DNA flexibility; however, they do indicate modes of DNA distortion where variations in flexibility with sequence may be expected to contribute most to observed sequence-dependent ligand binding.
EXPERIMENTAL PROCEDURES Footprinting
The tyrT DNA fragment ( Figure 6 ) was isolated and 3'-end labelled using reverse transcriptase and a-[
32 P]-dATP(£coRl site, bottom strand) of a-[
32 P]-dCTP(^vaI site, top strand). DNAse I and hydroxyl radical footprinting were performed as previously described (16, 17, 19, 22) . The products of digestion were resolved on 8 % polyacrylamide gels containing 8M urea, run for 2 hours at 1500V. Gels were fixed in 10% acetic acid, dried under vacuum at 80 °C and subjected to autoradiography at -70°C with an intensifying screen. Bands in the digests were assigned by comparison with Maxam-Gilbert dimethyl sulphatepiperidine markers specific for guanine. Autoradiographs of hydroxyl radical-induced cleavage were scanned using a JoyceLoebl Chomoscan 3 microdensitometer to produce profiles from which the relative intensity of each band was measured. Fractional cleavage at each bond, f=Aj/A t , was calculated, where Aj is the area under band i and A, is the sum of the intensity of all bands in any gel lane. The data are presented as a differential cleavage plot in the form In (f an tibiotic)~m(fcontroi) a s previously described (17) . Negative values indicate regions protected by the ligand. A general trend from positive to negative values is seen moving from the 5' to 3' direction of each strand, imposed on the true differential plot, due to small differences in the degree of cleavage in the drug-treated and control lanes.
Molecular modelling
The initial coordinates of the DNA fragments used were those of idealised B-DNA (23) and were prepared using the program GENHELIX (40) . The initial coordinates of berenil were taken from the crystal structure (12) . All molecular mechanics calculations were performed at the all-atom level using the program AMBER 3.1 (41) . Solvent and counterions were not included explicitly for reasons of computational expense. Instead their effect was simulated through the use of a simple distancedependent dielectric constant with € = 4^. This formulism is well established in the field of protein modelling and has been tested in some detail for a nucleic acid model system with satisfactory results (42) . The use of more complex sigmoidal or exponential functions (36, 43) may be superior, but there is a sizeable computational cost. Additional parameters required for berenil were obtained by interpolation (44) and from the crystal data (Table 1) . A set of partial atomic charges for berenil was provided by Dr. M. Orozco and was obtained from the MNDO wavefunction via the calculation of the molecular electrostatic potential and a scaling and fitting procedure which has been shown to give charges of a quality close to that obtainable from ab initio calculations at the 6-31G* level (45) . Interactive molecular modelling was performed using the program GEMINI 1.01 (46) . All calculations were performed on an Alliant FX40/3 computer, and visualisations on a Silicon Graphics Iris 3130 workstation. As well as the energy-minimised DNA sequence itself, a total of 338 of the DNA/berenil complexes were also analysed using the program NEWHELIX (47) .
It is conventional in footprinting studies to label the inter-base linkage rather than the bases themselves. Since labelling the latter is more useful in the description of the modelling studies we have given the base pairs the same number as that of the bond to the 3' side on the Watson (top) strand. For modelling purposes, the DNA sequence corresponding to bases T60 to A119 of tyrT was chosen. A protocol was developed to permit the construction and minimisation of such a length of DNA from smaller segments in a controlled manner. Construction from small segments has the advantages that the minimisations proceed more quickly, can permit larger, energetically favourable shifts (27) and that additions to or subtractions from the overall sequence may be made with the minimum of recalculation . However, there are problems involving end-effects which must be overcome; for example, on minimisation, the termini of DNA duplexes tend to 'fray'.
The first step in the procedure consisted of the minimisation of an 18-mer duplex corresponding to bases 69 -86. The only constraints were imposed on the phosphate P atoms, and these were removed in a step-wise fashion. All minimisations were performed to a RMS gradient of < 0.1 kcal/mol/A. Bases 69-71 and 84-86 were then discarded, and a second 18-mer was then constructed corresponding to bases 81-98. The initial coordinates of bases 81 -83 were taken from the previous minimisation and the rest from idealised B-DNA (23) . In the minimisation of this fragment the phosphorus atoms were constrained as before, but in addition the 'belly' option of AMBER was used to restrict the minimisation to bases 84-98 at all stages. After discarding the last three base-pairs, the procedure was repeated twice in the 3'-direction and then once in the 5'-direction. The single 12-mer and the four 15-mer duplexes were then combined by overlaying the common, 'frozen' residues followed by a final minimisation of the 60-mer, with the first and last base-pairs alone restrained (belly option). Although only in this final step were restraints applied to both ends of the DNA sequence simultaneously, helix analysis of the 60-mer following energy minimisation showed no global DNA bending.
The ligand binding studies were performed as follows. The berenil molecule was docked to the minor groove of the DNA using interactive graphics such that it spanned bases 64-66 and the central nitrogen atom of the triazene (-N = N-NH-) unit was located 7.0A radially from the helix axis. The system was then reorientated so that the helix axis coincided with the z-axis. All subsequent initial positioning of the berenil in the minor groove was performed by translation and rotation of the berenil molecule from this position according to the global helical parameters. All minimisations were restricted, using the AMBER belly option, to berenil and the nine base-pairs surrounding the binding site. A small local modification was made to the program to enable the central nitrogen atom of the berenil triazene unit to be restrained, but only from motion in the z-direction. All these minimisations were performed to an RMS gradient < 0.1 kcal/mol/A. Typically, each minimisation required about 500 cpu seconds on the Alliant FX40/3.
In mapping the interaction of berenil with the 60-mer, successive initial berenil positions corresponded to 0.5A shifts along the z-or DNA helical axis. At each point two minimisations were performed, with inversion of the berenil between runs to 
Improper torsion allow for its asymmetry. The results represent the accumulation of data from a total of 678 minimisation procedures. Figure 2 presents the results of DNAse I and hydroxyl radical cleavage of tyrT DNA in the presence and absence of varying concentrations of berenil. The DNAse I digests reveal several sites of reduced cleavage located around positions 130, 110, 85 and 70 on the labelled top strand. Inspection of the sequence reveals that, as expected, each of these corresponds to an A/Trich region. The results are similar to those seen with other A/Tselective minor groove binding ligands such as distamycin and netropsin (16, 17, 19) but differ in two respects. Firstly no regions of enhanced DNAse I cleavage are apparent, suggesting that berenil does not induce changes in DNA structure in regions remote from its binding sites. Secondly, at elevated drug concentrations DNAse I cleavage is totally inhibited, suggesting that berenil is able to bind to many other DNA sequences.
RESULTS

Footprinting
The ligand binding sites are more clearly resolved using hydroxyl radicals as the footprinting probe so that, for example, the protection of DNAse I cleavage around position 85 consists of two distinct binding domains. A differential cleavage plot of the hydroxyl radical cleavage pattern is presented in Figure 3 . Examination of Figures 2 and 3 between positions 60-120 shows that protection is consistently found towards the 3'-end of A/Trich regions, though interestingly no footprints are seen on either strand around position 60 (TAA). 
Energetic analysis of berenil binding
The binding energy (E bind ) was calculated as the sum of a number of terms:
where Ev dw and E q are, respectively, tne van der Waals and electrostatic contributions to the interaction energy, and Ep,, r is the total induced perturbation energy of the DNA and berenil.
Note that E bind is strictly a binding enthalpy; there is no calculation of the entropy changes accompanying binding. This is in contrast to the footprinting experiment, where the results obtained relate to the binding free energy.
The near two-fold symmetry of the berenil molecule was evident from the fact that the difference between the calculated binding energies for the two orientations at a given position averaged only 1.8 kcal/mol. However, on rare occasions it could be much larger (maximum 11.3 kcal/mol); in the subsequent analysis only the best orientation at each position was considered. The variation of E bind , Ev dw , E q and Ep,, r with ligand position are shown in Figure 4 . The abscissa relates the final z-coordinate of the central nitrogen atom of the berenil triazene unit to that of the mean base-pair planes; the applied restraint ensured that on minimisation this did not alter by more than 0.05A from its initial value. The total binding energy varies between -35 and -5 5 kcal/mol. The periodicity in the occurrence of A/T versus G/C rich regions in this portion of the tyrT DNA sequence is mirrored in the general behaviour of the binding energy, being generally greater (more negative) in A/T-rich sequences. Examination of the general trends in the variation in E vdw and E q along the sequence reveals similar periodic behaviour, but the former tends to be greater (more negative) in G/C-rich regions, while the latter tends to be more favourable in A/T-rich regions. The two trends cancel each other out and, with four or five isolated exceptions, the total interaction energy varies over a limited range with little sequence-dependence. The observed general variation in E bind is therefore particularly related to the variation in the total perturbation energy, Epg,.. Since the fluctuations in perturbation energy are dominated by that of the DNA we conclude that the preference for berenil binding in A/Trich regions stems in no small part from the lower DNA perturbation energies that accompany such binding. We calculated RMS deviations between the DNA structures obtained in the presence and absence of berenil. It was found that such deviations were on average larger in the A/T rich regions. This suggests that the observed reduction in E^ in such regions results from increased DNA flexibility in these sequences rather than smaller structural perturbations being required to maximise the binding interaction.
In more detail, we may classify the binding sites according to two criteria. Firstly, they may be divided into classes in which the central nitrogen atom of the berenil triazene (-N = N-NH-) unit lies either approximately in the mean plane or base-pair, so that the berenil molecule as a whole spans three base pairs (class 1), or between two consecutive mean base-pair planes, so the molecule as a whole spans two and two half bases (class 2, see Figure 5 ). Secondly, they may be divided into 'good' (E bind > -4 8 kcal/mol) sites and less good (E bind < -4 8 kcal/mol) binding sites. The average values of the energy components and the RMS deviations for the different classifications are listed in Table 2 .
From this we note that, over all sites, class 2 sites have on average a better E bind than class 1 sites by 3.4 kcal/mol, to which differences in E^, E q and E^,. contribute approximately equally. This generally improved binding energy is reflected in the relative abundance of good binding sites in both classes. In accordance with the trends observed, Epe r is lower for good sites than the average value, but the RMS deviations are considerably greater, pointing to the importance of DNA flexibility in berenil binding.
-ar I -30^E
vaw 'ill -SO"^S equence Figure 4 . Variation in total binding energy (E bind ) and its van der Waals ( E^) , electrostatic (E q ) and perturbation (E^,) components, for interaction of berenil with a portion of the tyrT DNA sequence.
Comparison with footprinting results
In Figure 6 the positions of regions most clearly protected from hydroxyl radical-induced cleavage in the footprinting study are compared with positions in the sequence having berenil binding sites with an interaction energy > -4 8 kcal/mol. It can be seen that the overall agreement is good. The footprints are staggered across the DNA strands in the 3'-direction as previously noted (17, 22) . The only anomaly is the absence of any protection on the bottom strand around bonds 63-65.
Helix analysis of the minimised 60-mer duplex
Because of program limitations, the helix analysis of the 60-mer was restricted to a 48 base pair stretch from C65-A112. The analysis concentrated on the base pair parameters buckle and propeller twist, and the local parameters slide, rise, tilt, twist and roll.
The variation in buckle is shown in Figure 7a . The sequencedependence is quite simple; pyrimidine-purine (Y-R) base pairs shown a positive buckle of about 5°, whereas R-Y pairs show a negative buckle of a similar magnitude. From the propeller twist data (Figure 7b ) there is no evidence that A-T base pairs show greater twists than G-C pairs, but one noticeable feature is the increase in propeller twist towards the centre of runs of pyrimidines (C97-C100, C102-C107). Variations in slide (Figure 7c Buckle (Figure 8a ) is observed to become more negative to the 5'-side of the binding site and more positive to the 3'-side, with increased deviation apparent at 'good' binding sites. For propeller twist (Figure 8b ) we observe that berenil binding tends to produce a marked negative change (increase) in this parameter at the centre of the berenil binding site, particularly in class 2 sites. The difference between the change observed in good sites and that averaged over all sites is, however, only marked at bases more remote from the binding site centre. The influence of binding upon tilt (Figure 8c) is not well defined, though it seems that there is a tendency for negative induced deviations to the 5'-side and positive ones to the 3'-side. For twist (Figure 8d) , we observe two regions of positive deviation located either side of the centre of the binding site, though the pattern for class 1 sites is markedly asymmetric. Only for this class are the differences in induced perturbation markedly greater than the 
DISCUSSION
Comparison between footprinting data and molecular mechanics energies In this study, for the first time, the results of a molecular mechanics study can be compared directly with those obtained from a footprinting experiment. The agreement is in general good, despite the simplicity of the modelled system (e.g. no explicit consideration of solvent or counter-ions, and ignorance of entropic factors). The few 'anomalous' results observed (apparent fairly good binding sites in G/C-rich regions) all seem to involve the partial expulsion of the berenil molecule from the groove and strong electrostatic interactions between one of the amidinium groups and a backbone phosphate. This type of interaction was only observed by Caldwell and Kollman (2) in their study of netropsin-DNA interactions. It may well be an artifact, the result of the limitations of the distance-dependent dielectric constant approximation as a representation of the effects of solvent on electrostatic interactions.
In broad terms, the preference for binding in A/T-rich regions is observed to stem from the improved electrostatic interactions in such areas, coupled with lower induced DNA perturbation energies. That electrostatic factors would favour binding of positively-charged ligands to the minor groove in A/T-rich regions has been the conclusion of other studies. Thus, ab initio calculations have revealed a more negative electrostatic potential in the minor groove of A/T sequences compared with G/C ones (1, 48, 49) . Although the question of the sequence-dependence of DNA conformation has been the subject of many investigations, fewer studies have concentrated on the sequence-dependence of DNA flexibility. Sarai et al (36) have used conformational free energy calculations to show that the flexibility of DNA varies in a complex manner both with the helical parameter being measured and the base-sequence, but the generally greater flexibility of A-and T-containing steps seems to be a feature.
At the level of greatest detail, the binding energy plots reveal that even within favourable regions, the enthalpy wells can be very sharp; and there can be more than one local energy minimum over the base-pair step. From the relative widths of the minima it appears that helical motion of the berenil along the minor groove should be particularly restrained at binding sites containing alternating A/T sequences, and less so at sites containing A n /T n stretches.
In previous studies of berenil-DNA interaction, models postulating a binding site covering either two or three base-pairs have been presented. Whilst the class 1 site does indeed correspond with the three base-pair spanning model presented previously (13) , in class 2 sites the angle between the berenil axis and the helix axis is similar to that in class 1 sites, such that the molecule extends beyond both of the two base pairs which define the site. In contrast, the two base-pair models (3, 12, 14) , require that the berenil makes a greater angle with the helix axis and lies somewhat across the line of the minor groove in order to maximise hydrogen-bonding interactions between the amidinium groups and acceptor groupings on the spanned bases. However, this has a marked effect upon the degree to which the minor groove can narrow. From the energetic analysis of our models it appears that generalised electrostatic interactions are more important than specific hydrogen bond formation in stabilising the complexes. It is interesting to compare these models with the recent Xray structure of the complex between berenil and d(CGCGAATTCGCG) (13) . The drug binds asymmetrically but close to the centre of the sequence, i.e. in an approximate class 2 site. However, only one end of the drug lies deep in the minor groove, and at the other end of the molecule the amidinium group interacts with the DNA via a bridging water molecule. This feature has also been observed in the X-ray structure of one other minor groove ligand (11) . This result points out an obvious limitation of the present method; as the solvent is not included explicitly in the calculations no such binding mode could be predicted.
The structure of the minimised tyrT fragment Of the helical parameters analysed for this fragment, that showing the clearest correlation with base sequence is buckle. Without exception Y-R base pairs show a positive buckle whilst R-Y base pairs are characterised by a negative buckle. Although the source of this trend remains obscure, a qualitatively similar pattern of behaviour for this parameter has been observed experimentally, for instance in the crystal structure of the dodecamer d(CGCGAATTCGCG) duplex (50) .
The observation that propeller twists were generally no higher for A-T base pairs than G-C ones was unexpected, as the inherently greater hydrogen bond involvement in G-C basepairing might be predicted to increase the energy penalty accompanying propeller twisting. However, the results are in accord with those of Sarai et al (36) who found that it was the flexibility, rather than average value, of propeller twist which Figure 6 . Correspondence between inter-base linkages found to be protected in the footprinting study (underlined) and areas predicted to contain good berenil binding sites from the modelling study (horizontal bars). The limits of the portion of the tyrT sequence that was modelled are indicated by vertical lines.
Nucleic Acids Research, Vol. 18, No. 15 4485 was greater for A-T base pairs. The increase in propeller twist towards the centre of homopyrimidine-homopurine runs (C97-C100,C102-C107) may be explained in terms of reduced steric clash between base pairs that will accompany concerted movements in such sequences (51) .
The origin of the low values of slide for CG steps remains obscure, but the observation that GC steps show low values of rise may be linked in part to the variation in buckle. If two consecutive base pairs buckle towards each other, as GC steps do, this will reduce the mean base pair plane separation. However, this can only be a partial explanation, as the effect is not particularly noticeable for other RY steps, though the behaviour of TA steps (somewhat greater than average rise) provides some support for this.
The observation of particularly small values of twist for AT steps is of interest in relation to the well-studied behaviour of (AT) n tracts (52) . Such sequences may adopt an abnormal conformation in which the DNA is underwound (53) . Our results suggest that such underwinding may be expected even in the absence of large conformational changes in the backbone.
The correlations we observe in the sequence-dependence of roll do not match those found by Sarai et al (36) , who calculated that CG steps in particular should show larger than average values of roll. However, they noted that the behaviour of tilt was strongly dependent on the electrostatic parameters. In their calculations they made use of an exponential shielding function to simulate the effect of solvent on electrostatic interactions, whereas in our study a simple distance-dependent form of the dielectric constant was used.
Response of helical parameters to berenil binding
Analysis of the effect of berenil binding on the local DNA conformation reveals that trends in the behaviour of different helical parameters are to an extent sequence-independent, relating more to the relative dispositions of base pair and berenil. However, it should be appreciated that the results obtained here are from data encompassing only a fraction of the possible sequences that could constitute a binding site. Buckle is observed to become more negative to the 5'-side of the binding site and more positive.to the 3'-side. This corresponds to the base pairs distorting away from the centre of the site and may serve (i) to reduce steric clashes between the bases ad the inward-facing hydrogens of the berenil phenyl groups, and (ii) to facilitate hydrogen-bonded interactions involving the bases ad the terminal amidinium groups of the ligand. Deviations are greater at both 'good' binding sites and class 2 sites, presumably reflecting the balance of forces at the central base pair in class 1 (3 b.p.) sites. Similarly, the deviations observed for propeller twist are greater for class 2 sites than for class 1 sites. In contrast to buckle, however, deviations in propeller twist appear to be symmetrical with respect to the centre of the site. The observed increases in propeller twist may permit deeper penetration of the berenil into the minor groove and so enhance the overall interaction as well as improving specific hydrogen-boding interactions between the bases and the berenil amidinium groups.
It is apparent that the maximum distortions induced do not differ greatly between good and less good sites. The main difference, particularly noticeable for class 1 sites, is that deviations in propeller twist are greater for bases more remote from the centre in 'good' (energetically favoured) binding sites.
The behaviour of twist is complicated by the fact that as only nine base-pairs are free to move in each minimisation, the total helical twist from the beginning to the end of each 9-mer is constant and hence deviations induced at any step must be compensated for elsewhere. For class 1 sites the behaviour of twist is markedly asymmetric, with a large average increase in twist for the base step 0 to 1, and a smaller increase for the step -2 to -1. In contrast, for class 2 sites, deviations in twist are symmetric with respect to the centre of the binding site; it appears that increases in twist for the three central base pair steps are compensated for by reductions in twist towards the ends of the binding site. This behaviour may represent a process in which the minor groove is narrowed around the phenyl and amidinium groups of the berenil ligand, leading to improved binding interactions.
The behaviour of tilt is not well-defined, but appears to be reduced to the 5 '-side of the binding site and increased to the 3'-side. This behaviour may be interpreted as a tendency of those base pairs closest to the amidinium groups to rotate towards the plane of the berenil. This may be in response to the tendency of the berenil to lie slightly across the minor groove, with its 5'-end closer to the 5'-3' strand and its 3'-end closer to the 3'-5' strand.
Either side of the centre of the binding site, roll is observed to become more negative. Since the initial conformation shows on average a small positive roll, this corresponds to a move towards closer co-planarity of successive base pairs. The effect is to move the edges of the base pairs that are in the minor groove towards the centre of the binding site. This may be in response to steric clashes with the inner edges of the phenyl rings of the berenil, but would appear to be in conflict with the behaviour of buckle, where movement of the base pairs away from the centre of the binding site is observed.
Sequence-specific ligand design
This study raises implications for the design of agents which bind to DNA in a sequence-specific manner. A major target of many efforts in this area is the design of ligands with good G/Crecognition characteristics. Success in this area to date has stemmed from the joint application of two strategies.
The first strategy has been to reduce the ligand charge. Monocationic ligands will bind more weakly than equivalent dicationic ligands to DNA as the size of E q will be reduced. However, as trends in E q lead to A/T selectivity, reducing its contribution to E bind may be effective, but only if the other contributions to E bind show a different sequence selectivity. Our results suggest that this is true for E vdw , which favours G/Cbinding, but not for E^. The second strategy has been to design ligands that will show active recognition of the guanine N2 group through, for example, hydrogen bonding. Our results here suggest that the active avoidance of steric clashes with this group and others, as opposed to positive interaction, may be the more important factor. Clearly, in the design of G/C-recognition elements, a lack of DNA flexibility means that careful attention will have to be paid to the accurate matching of groove and ligand surfaces, whereas a much cruder match may suffice for A/Trecognition.
Our results suggest that charge reduction (54) , by increasing the relative contribution of E vdw to E bind , should be particularly effective. However, such a modification is by itself clearly not sufficient, as evidenced by the A/T-selectivity of, for example, distamycin (6) . Apart from general electrostatic differences, the most obvious difference between the minor groove in G/C as opposed to A/T sequences is the presence of the guanine N2, and particularly its attached hydrogen, in the groove floor. This moiety has been expected to inhibit deep penetration of the ligand into the groove and hence reduce both electrostatic and van der Waals interactions. However, our results here, in particular the behaviour of Ev dw , suggests a slightly different explanation. Because of the inherently lower flexibility of G/C-rich regions, steric clashes between a ligand and, for instance, the N2-hydrogens, will not be readily moderated through DNA distortion. As a result perturbation energies will be higher and binding affinities lower. However, through careful ligand design, the guanine N2 group may be persuaded to play a positive role in increasing G/C selectivity. This idea, combined with the effect of the reduction in ligand charge, is evident in the enhanced G/C sequence-dependent DNA binding of the monocationic imidazole lexitropsins (55) .
The importance of DNA flexibility in the sequence-dependence of ligand binding is becoming clear. In order to explain, predict and control sequence-specific DNA recognition it will be necessary to combine knowledge of the sequence-dependence of DNA flexibility with an understanding of the strategies of structural deformation adopted by DNA sequences in response to the introduction of a ligand. The results of this study suggest that these basic strategies of DNA structural deformation are in broad terms sequence-independent, but that DNA flexibility, which is sequence-dependent, determines to what extent these strategies can be implemented. Several questions remain, for example which modes of DNA distortion are the most important for the enhancement of the binding interaction. Another issue which must be addressed is the extent to which the modes of DNA distortion are ligand-independent, only then will it be possible to establish what predictive power the analysis may have.
